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A terahertz sensor structure is proposed that can sense any variations in analyte
permittivity. The sensor essentially works according to the shifts in the resonance
frequencies of its propagated spoof surface plasmonic modes. The proposed structure
shows great support for surface plasmon oscillations, which is proved by the calculated
dispersion diagram. To achieve this in terahertz frequencies, a metamaterial structure is
presented in the form of a structure with two-dimensional periodic elements. Afterward,
it is shown that the performance of the sensor can be affected by different parameters
such as metal stripe thickness, length of metal stripe, and width of metal stripe as the
most influential parameters. Each of the parameters mentioned can directly influence on
the electric field confinement in the metal structure as well as the strength of propagation
modes. Therefore, two propagation modes are compared, and the stronger mode is
chosen for sensing purposes. The primary results proved that the quality factors of the
resonances are substantially dependent on certain physical parameters. To illustrate this,
a numerical parametric sweep on the thickness of the metal stripe is performed, and
the output shows that only for some specific dimensions the electromagnetic local field
binds strongly with the metal part. In a similar way, a sweeping analysis is run to reveal the
outcome of the variation in analyte permittivity. In this section, the sensor demonstrates an
average sensitivity value, ∼1,550 GHz/Permittivity unit, for a permittivity range between
1 and 2.2, which includes the permittivity of many biological tissues in the terahertz
spectrum. Following this, an analysis is presented, in the form of two contour plots, for
two electrical parameters, maximum electric field and maximum surface current, based
on 24 different paired values of metal thickness and metal width as the two most critical
physical parameters. Using the plotted contour diagrams, which are estimated using the
bi-harmonic fitting function, the best physical dimension for the maximum capability of
the proposed sensor is achieved. As mentioned previously, the proposed sensor can be
applied for biological sensing due to the simplicity of its fabrication and its performance.
Keywords: terahertz spectroscopy, terahertz sensing, Terahertz resonance sensor, metamaterial, spoof surface
plasmon, surface wave
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INTRODUCTION
Terahertz science has shown great potential in different
applications such as security, medical imaging, and
communications [1–6]. One of the main reasons for such
interest in this field is the exclusive interaction of terahertz
waves with some specific molecules [7–9]. Additionally, due
to the low photon energy of terahertz radiation, it is a good
candidate for non-destructive test (NDT) applications. Based
on these interesting features of terahertz wave, many types of
research have been done in the field of terahertz spectroscopy
[10–15]. Due to the special and safe interaction of THz wave with
biomolecules, THz spectroscopy for biomedical applications has
become a rapidly evolving research area [16, 17]. Therefore, many
researchers have presented various spectroscopy techniques in
the THz regime. Terahertz spectroscopy methods are based on
both time domain and frequency domain data acquisition [18].
Resonance Terahertz sensors work according to the high-quality
resonance frequencies of a structure that occur in response to
an incident THz wave. The Q-factor is one of the parameters
that can be used for the evaluation of a resonance sensor.
Terahertz resonance sensors can distinguish any changes in
the refractive index of an analyte that is put on the surface
of the sensor. However, the minimum detectable amount of
variation in the refractive index of an analyte depends on the
sensitivity parameters of the structure. Accordingly, having
sharp resonances in terahertz frequencies can be regarded as
a merit for a sensor structure. However, in THz frequencies,
the loss of such structures is significant. To address this issue,
different metal structures have been proposed to enhance the
field confinement in the THz spectrum [19–21]. By increasing
the confinement of the electromagnetic field in the structure,
sharper resonances occur. One of the best solutions for this
problem is using surface plasmon polaritons (SPPs) for better
local electric field confinement. Although, in a normal state,
sensing with SPPs is not possible in the THz spectrum because
of the higher plasmonic frequencies of metals, which reach at
least to the visible frequencies. However, some studies have
proved that some specific forms of metal structures can bind the
electromagnetic field in their surface to act like surface plasmon
waves in higher frequencies. This confined surface wave that
mimics the SPPs is called a Spoof Surface Plasmon (SSP) and
can be generated in THz frequency range [22–25]. This type of
THz sensor, which supports SSPs, employs corrugated metal
structures in a two-dimensional metamaterial lattice. The metal
structures can support surface waves in the THz spectrum using
metamaterial techniques. The metamaterial structure can be
manipulated to the extent that it gives the desired characteristics
in a specific frequency. Thanks to the advantageous features
of metamaterial techniques, THz sensors can be stimulated for
very sharp resonances that can cause high Q-factor structures.
Sensing with a THz resonance sensor can be achieved by the
observation of any change in resonance frequency, phase,
amplitude, etc. Among these parameters, interpreting the
shifted resonances is a powerful tool for sensing purposes
when a change occurs in the refractive index (Permittivity)
of an analyte. Specifically, any variation in the Permittivity of
the superimposed sample causes a redshift in the resonance
frequency of the structure. In this paper, a metamaterial THz
sensor is proposed and analyzed for its sensitivity parameters,
and its ability to perform THz spectroscopy is then investigated.
The results show that the structure can support the spoof surface
wave in the THz frequency range. Additionally, the sensitivity
of the structure is improved in comparison to previous works
with lower manufacturing complexity. It is worth noting that the
proposed structure is designed in a simple form that lessens the
manufacturing difficulties substantially.
MATERIALS AND METHODS
As can be seen in Figure 1, the metamaterial structure consists
of 2-D periodic metallic elements with periodicity Tx and Ty
in the two directions of x and y. To measure the resonance
frequencies of the structure, a transmission diagram should be
calculated. Hence, a plane wave is illuminated from above the
structure, the analyte is laid over the sensor, and afterward,
the transmitted wave should be compared with the illuminated
plane wave. Moreover, a substrate of polyimide is placed beneath
the metal part. In terahertz frequencies, the polyimide has
a very low absorption coefficient and, as a result, it can be
assumed to be transparent for THz radiation. Besides, it has good
mechanical properties as a substrate material for such structures.
A dispersion diagram analysis has been run on CST Studio
Suite 2018 to investigate the relationship between frequency (f)
and wave number (K) [26]. To plot the dispersion curve, the
boundary condition in the x and y directions is considered
as periodic, and the electric boundary condition (Et = 0) is
applied on the z-direction. The phase variation in the x-direction
is then swept from 0 to 180 degrees, based on the Brillouin
zone definition of a 2D-periodic structure. The output of the
CST simulation gives the relation between frequency and phase,
which is converted to an f-k dispersion diagram. The asymptotic
behavior of the dispersion diagram proofs the support of the
surface wave in the proposed metallic structure. Following this,
the transmission curves are obtained from the response of the
structure to an illuminated electromagnetic plane wave while the
excitation wave is considered as Floquet port mode with two
essential propagation modes. As is depicted, the transmitted THz
wave must be measured for any shift in its resonance frequencies.
In Figure 1C, it is presented that the structure can support
surface waves in different and tunable frequencies according to
the size of the structure. The most important parameter of the
unit cell, which can affect the resonance frequency of the surface
plasmon, is dy, the length of the metal stripe. The value of dy is
equal to 26µm through this work, but, for different values, there
are different resonance frequencies. In Figure 1C, it can be clearly
seen that for dy = 20µm, the resonance frequency is just above
3.5 THz, for dy = 26µm, it is about 3 THz, and when dy =
30µm, the resonance frequency is almost 2.2 THz. Actually, the
frequency should be designed with respect to the application and
the target analyte. Besides, the parameter dx has a value of 10µm
as the best value for the width of the metal structure, which will
be discussed later. Additional physical parameters are listed in
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FIGURE 1 | The structure of the proposed THz sensor. A THz wave must be illuminated directly and transmits through the analyte and sensor structure. (A) Structure
and the configuration of metal elements in the terahertz metamaterial structure. (B) Unit cell of the metamaterial periodic structure. A layer of polyimide is laid under
the metal stripe. (C) Dispersion diagram of the structure. According to the dispersion relation between frequency and wave number, the graph illustrates that the
surface plasmon is supported by the structure. There are two main propagation modes in this structure with different plasmon frequencies. The variation in the length
of the metal (dy) can tune the resonance frequency for the desired value. It can be clearly seen that for dy = 20µm, the resonance frequency is just above 3.5 THz, for
dy = 26µm, it is about 3 THz, and when dy = 30µm, the resonance frequency is almost 2.2 THz.
Table 1. Parameters such as Px, Py, and Pz are the dimensions of
the substrate of the unit cell and have been defined as equal to
the periodicity of the unit cells in such a way that no gap exists
between the unit cells. It should be added that the parameters
of Px and Py are optimized for the best characteristics of the
metamaterial structure. In this paper, gold is considered as the
material for the metal stripe because of its high conductivity in
this range of frequency.
RESULTS AND DISCUSSION
The structure, as described in the previous section, can support
spoof surface plasmon oscillations, which can produce strong
confinement for the local electric field on the boundary of
the metal-dielectric intersection. In this way, SSP modes can
oscillate in a subwavelength scale in the THz frequency range,
similar to what occurs at visible light frequencies. Based on
these oscillations, multiple resonance frequencies are activated,
which are very sensitive to any change in the permittivity
TABLE 1 | The optimized physical dimensions of the proposed structure and the
periodicity of the periodic elements.
Parameter Value (µm)
Tx 22
Ty 36
Px 22
Py 36
Pz 10
Metal stripe thickness 2
of the analyte above the metal structure. It should be noted
that, in this paper, only the redshifts due to change in the
dielectric constant of the analyte are considered, but there may
be other alterations such as the amplitude, phase, etc. of the
resonance frequencies.
The main resonance frequencies can be determined using the
simulation of the unit cell. As depicted in Figure 2, multiple
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FIGURE 2 | Comparison between two dominant resonances for different
propagation modes. Mode 1, which corresponds to the lower propagation
mode, shows greater Q-factors than second resonance mode. Multiple
resonances are activated for different propagation modes of the structure. One
of the resonance frequencies corresponds to mode TM00, and the other one
denotes TE00. This diagram depicts that the resonances for mode TE00 are
more suitable for the sensing purpose thanks to the higher Q-factor of just
above −40 dB.
FIGURE 3 | Different resonances calculated by variation in the thickness of the
metal structure. The plotted curves reveal the best value of the metal thickness
for the highest Q-factor.
resonances are activated for different propagation modes of
the structure. In Figure 2, one of the resonance frequencies
corresponds to mode TM00 and the other denotes TE00. As can
be clearly seen, the resonances for mode TM00 show smaller Q-
factors than the activated resonances formode TE00. The diagram
illustrates that mode TE00 is more reliable for sensing purposes
because of its higher Q-factor and sharper dip. Both of the
resonances of TE00 mode have a perfect Fabry-Perot resonance
form, which is very applicable for practical spectroscopy. Looking
at mode TE00, there are two strongly activated resonances with
Q-factors of 110 and 296 at frequencies 5.28 THz and 7.696
THz, respectively. The calculated Q-factors demonstrate very
strong local plasmonic oscillations, which bring about strong
sensing capabilities. In fact, such characteristics ensure that the
FIGURE 4 | Shifted resonances according to the change in the dielectric
constant of the analyte. The range of investigated permittivities is between 1
and 2.2 for the analyte. The permittivity of εr = 1 is considered as the reference
resonance curve. For εr = 2.4, the resonances reach their saturation state,
and there are no further resonance frequency shifts for higher permittivity.
structure can be used for spectrometry and for sensing the
variations in the permittivity of an analyte that is laid over the
sensor structure. It is worth noting that the resonances could be
changed due to different parameter values in the structure. The
thickness of the metal stripe is one of the important parameters
and can influence the sharpness of the resonance dips. For this
purpose, the best thickness for the metal part is calculated and
depicted in Figure 3. In the figure, it is obvious that for different
thicknesses of the metal stripe, there are multiple resonances
with different Q-factors as well as different frequencies. For
the proposed structure, the thickness of 2µm has the highest
QF of the thicknesses considered, reaching 296 at 7.696 THz.
Interestingly, for a metal stripe thickness of 8µm, the second
resonance of the TE00 mode has a much lower resonance value of
transmission spectra, below −50 dB, than the second resonance
of the metal stripe thickness of 2µm. However, this resonance
cannot be applied for sensing due to its partially Fabry-Perot
form. Comparing the forms of these resonances, it can be seen
that the transmission diagram for the thickness of 8µm does not
have a perfect Fabry-Perot resonance shape, and the simulation
results proved that there would be no frequency shift for any
change in the permittivity of the analyte. Hence, the resonances
of the transmission diagram for the metal stripe with a thickness
of 2µm are considered to be the best achievable results.
The sensing abilities of the proposed THz sensor were
investigated by carrying out a simulation study for an analyte
with different permittivities with the frequency-domain solver
of CST Suite Studio. In this calculation, an analyte layer is
superimposed on the sensor structure. Afterward, the dielectric
constant (εr = eps) of the analyte is swept between 1 and 2.4.
Actually, this range of permittivity includes the permittivities
of most biological tissues and is therefore very important for
medical sensing applications [27–29]. Figure 4 is plotted based
on these calculations and is investigated for frequency shifts
due to variations in the dielectric constant of the analyte.
The main resonance curve is obtained for εr = 1 as the
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reference for other values of permittivity. Thus, the solid blue
line is used as the reference resonance for the resonance
shifts. It should be noted that each resonance curve has two
Fabry-Perot form resonances, as previously pointed out, and
that the second resonance is chosen for sensing purposes.
As Figure 4 shows, the first resonance does not have sensing
capability because it does not experience any redshifts when
there is a change in the permittivity of the analyte. On the
other hand, the second resonance reacts properly by significant
redshifts according to any variation in the dielectric constant
of the analyte. By increasing the permittivity of the analyte,
the redshifts approach a saturation state. Here, the saturation
permittivity is defined as a value at which, for higher values,
any change in the permittivity of the analyte cannot cause a
shift in the resonance frequency. According to the simulation
results, these redshifts reach the saturation state with eps =
2.4, which means that this is the maximum sensible permittivity
for the dielectric constant of an analyte with this sensor. As
can be calculated, the maximum achievable sensitivity for this
sensor is 1.705 THz/Permittivity unit, which is obtained based
FIGURE 5 | Maximum electric field of the structure. This parameter is an indicator of the field confinement in the metal stripe. A fitting tool is applied to estimate the
best physical dimensions for the highest possible electric field. Therefore, for 24 different combinations of metal thickness and dx (red stars), the electric field is
calculated, and then, using a biharmonic fitting function, a 2-D contour plot is generated. According to the plot, the highest electric field confinement can be achieved
at metal stripe thickness= 2µm and dx = 8, 10µm.
FIGURE 6 | Maximum surface current of the structure. In a similar way, a higher surface current can cause a sharper resonance dip. Consequently, investigating the
best possible physical dimensions can increase the sensing capabilities. Similar to what has been done for the maximum electric field, 24 simulated data points are
used for the estimation of all possible combinations. Thus, a biharmonic function is considered as a fitting tool to estimate the surface current for all combinations. As
can be predicted, the same dimension values are obtained for the maximum surface current as have been calculated for the electric field.
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on a 0.8-unit change in the permittivity of the analyte and
corresponding 1.364 THz frequency shifts at the resonance
frequency. The achieved sensitivity is very comparable with
previous works [30, 31]. The results clearly prove that the
proposed THz sensor can resonate in specified and tunable
THz frequencies that can be applied for medical diagnostic
applications. Many malignant biological tissues show variations
in their permittivities in the range of frequencies investigated in
this paper.
To take a closer look at the resonance quality of the proposed
sensor, the electric field and the surface current of the structure
are investigated numerically. As pointed out earlier, the length of
the metal structure (dy) can determine the resonance frequency
of the sensor, but the results show that parameters such as the
width of the metal structure (dx) and metal stripe thickness
can strongly affect the strength of the resonances. To make this
clearer, numerical analyses of these two parameters have been
done. In the first analysis, the maximum electric field of the
structure has been calculated for different combinations of the
two mentioned parameters. Accordingly, a 2-D contour plot of
the maximum electric field has been estimated by a biharmonic
interpolation function, as shown in Figure 5. The red stars in the
figure are obtained from several simulations for the electric field
of the structure and are used as inputs for the biharmonic surface
fitting function. As the figure shows, it is possible to pinpoint the
best values for the two physical parameters of dx and metal stripe
thickness. Based on the generated plot, a stripe thickness of 2µm
and dx = 8, 10µmare the best choices for the proposed structure.
For these values, the maximum electric field can have the best
state, and therefore the structure can experience the maximum
field confinement.
In a similar way, another contour plot is produced for the
maximum surface current on the metal stripe. The surface
current distribution on the structure is shown in Figure 6. The
red arrows on the structure demonstrate that the surface currents
on each side of the structure have opposite directions. Due to
this, the resonances form sharper dips and have stronger sensing
capabilities thanks to the dipole-dipole resonance mode. The
contour plot in Figure 6 can be easily used for better prediction
of the best dimensional values of the structure. Very similar
to the previous contour plot, the surface current contour plot
also proves that a metal stripe with a thickness of 2µm and
dx = 8, 10µm can have approximately the best electromagnetic
field confinement and consequently better sensing strength. To
summarize, the proposed terahertz sensor works as a resonance-
based structure and, in this paper, is analyzed numerically
in terms of physical dimensions and electric parameters. The
designed structure benefits from a very simple designation,
which reduces the complexity of fabrication in this range of
wavelengths. Moreover, this sensor can be applied for medical
sensing purposes for different biological tissues.
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